Genetic conflict may have played an important role in the evolution of novel genetic systems. The ancestral system of eumendelian genetics is highly symmetrical. Those derived from it (e.g. thelytokous parthenogenesis, haplodiploidy and parent-specific allele expression) are more asymmetrical in the genetic role played by maternal versus paternal alleles. These asymmetries may have arisen from maternal-paternal genetic conflict, or cytonuclear conflict, or from an interaction between them. Asymmetric genetic systems are much more common in terrestrial and freshwater taxa than in marine taxa. We suggest three reasons for this, based on the relative inhospitability of terrestrial environments to three types of organism: (i) pathogens-departure from the marine realm meant escape from many pathogens and parasites, reducing the need for sexual reproduction; (ii) symbionts-symbionts are no more important in the terrestrial realm than the marine realm but are more likely to be obligately intracellular and vertically transmitted, making them more likely to disrupt their host's genetic systems; (iii) Gametes and embryos-because neither gametes nor embryos can be shed into air as easily as into seawater, the mother's body is a more important environment for both types of organisms in the terrestrial realm than in the marine realm. This environment of asymmetric kinship (with neighbours more closely related by maternal alleles than by paternal alleles) may have helped to drive asymmetries in expression and transmission.
Introduction
Meiosis is a fair lottery: each allele in a diploid genome has the same probability of being passed on to the next generation. Asymmetry in transmission probability between alleles at a locus-meiotic drive-evolves frequently in some taxa but in most cases is quickly suppressed [1, 2] . But one kind of genetic asymmetry can be persistent, and that is asymmetry between males and females, which is seen in unusual genetic systems such as haplodiploidy and parthenogenesis (figure 1). The origin and distribution of these asymmetric genetic systems remains poorly understood. In this review, we discuss conflicts between maternal and paternal alleles, as well as between nuclear and cytoplasmic genes, and consider the extent to which each of these might have been important in the evolution of asymmetric genetic systems. We also consider interactions among relatives, and how indirect fitness may have affected the evolution of asymmetric reproductive systems. Finally, we consider the distribution of these systems across habitats and consider the question of why asymmetric genetic systems occur mainly in terrestrial and freshwater rather than marine habitats. fate as one contributed by an ovum: an identical chance of transmission to offspring, as mediated by the meiotic lottery. But this ancestral system is not universal. Less-symmetrical genetic systems have arisen many times in the history of life ( figure 1 and table 1 ). Novel genetic systems disrupt early embryonic development and are likely to impose initial viability costs on embryos [15] . This has been shown empirically in insects, where many species are able to lay occasional Figure 1 . Asymmetric genetic systems, where the sperm and egg genome have different roles or fates [3 -11] . Each row of this figure describes a different asymmetric genetic system. The first column of each row shows the adult generation, the second column the gametes produced, the third column the embryos shortly after fertilization and the last column the offspring generation. The animal symbols represent males (in blue) and females (in red). Haploid individuals and gametes are shown with one chromosome. Diploid individuals and gametes are shown with two chromosomes. From top to bottom: Parthenogenesis ¼ obligate thelytokous parthenogenesis, development of females from unfertilized eggs (including apomixis ¼ egg production by mitosis and automixis ¼ egg production involving meiosis). A few thousand eukaryote species, especially freshwater and terrestrial animals. Gynogenesis ¼ development of females from fertilized eggs, but with only the mother's genome. Many groups including salamanders, fish, insects and angiosperms. Hybridogenesis ¼ gynogenesis, except that the paternal genome is incorporated and expressed in the offspring but later eliminated from the offspring's germline. Several species of fish and frogs. Arrhenotoky ¼ arrhenotokous haplodiploidy or haplodiploidy in the strict sense, development of males from unfertilized eggs. Males are haploid and never have a paternal genome at all. Several groups of insects and mites, oxyurid nematodes and monogonont rotifers. PGE ¼ paternal genome elimination, development of males from fertilized eggs in which males have a paternal genome but do not transmit it. Males may lose their paternal genome either early in development, becoming haploid (early PGE) or retain their paternal genome without transmitting it (late PGE). A few groups of insects, mites and springtails. Androgenesis ¼ development of either sex from fertilized eggs in which the sperm genome supplants egg genome. Offspring have the father's nuclear genome. A few clam species and Saharan cypress. Cyclic parthenogenesis ¼ system in which one or more parthenogenetic generations regularly alternates with a sexual generation. Several groups including cladocera, monogonont rotifers, some loriciferans and several groups of insects.
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130364 Table 1 . Asymmetric genetic systems across animal phyla. Information from Jarne & Auld [12] , Hughes [13] and Bell [5] . Non-marine taxa from each order are in italics, while marine taxa are described in roman font. parthenogenetic eggs, but where there is often a significantly reduced fitness for embryos developing from unfertilized eggs compared with those developing from fertilized eggs [16, 17] . So, if transitions to new genetic systems reduce organismal fitness, at least initially, then why do they occur?
3. Genetic conflict in the nucleus: maternal versus paternal alleles
Selfish genetic elements favour their own direct or indirect fitness while sacrificing the fitness of other genetic elements residing in the same genome. A selfish genetic element might mediate a transition to a novel genetic system that favours the element, even at a cost to organismal fitness. Consider the haplodiploid systems, in the broad sense: those in which males transmit only the alleles they received from their mothers (figure 1). Most scale insects have a system of late paternal genome elimination [18] in which males are diploid but the chromosomes that a male received from his father are heterochromatic. When sperm are formed, the maternal chromosomes are packaged into the sperm while the paternal chromosomes are left behind [19, 20] . S. W. Brown, observing this system 50 years ago, noted its similarity to meiotic drive [21] , and showed that a gene expressed in females that causes paternal chromosome elimination would spread rapidly through a population. Arrhenotoky-parthenogenetic production of haploid male offspring (figure 1)-evokes conflict less vividly than does the physical destruction of paternal chromosomes, but it has identical transmission genetics and confers an identical advantage if caused by a gene expressed in females [15, 22] . Even if haploid males have relatively low viability compared with diploid males, an allele causing haplodiploidy can still invade (as long as haploid male viability is more than 50% diploid male viability). Ever since Brown, most models of haplodiploidy have followed his in invoking a transmission advantage for maternal alleles at the expense of paternal alleles, essentially viewing haplodiploidy as an outcome of maternal-allele victory in a conflict with paternal alleles over transmission by males [3, 15, [23] [24] [25] [26] [27] [28] . Usually, asymmetric genetic systems are those in which the role of the male is reduced. Either males are excluded from parentage of sons (haplodiploidy), or they are excluded from some generations (cyclic parthenogenesis) or they are simply eliminated altogether (thelytokous parthenogenesis; figure 1). Perhaps Brown's insight can be generalized and we can view the origins of such systems as instances of maternal victory in a maternal-paternal conflict over transmission. It is not entirely clear why females are typically the victors in these conflicts, but it is plausible that, in crude terms, when the sperm and egg fight the egg usually wins because it is bigger [29] . Females deposit many more gene products that males into the zygote and do so earlier, and therefore may be at an advantage in affecting the outcome of the interaction. Indeed most such systems feature parthenogenesis, in which sperm are excluded from the ovum altogether.
In a few cases, the asymmetry runs the other way, with an expanded role for males and a reduced role for females. The most dramatic case of this is androgenesis (figure 1), in which the nuclear genome of the sperm cell entirely supplants that of the egg, resulting in clonal reproduction via sperm [4] . Another system in which males may strongly influence outcomes is parent-specific allele expression-or 'genomic imprinting' as it is often simply called, though genomic imprinting also underlies paternal genome elimination. Parent-specific allele expression in mammals and angiosperms affects only the expression of genes and does not directly affect their transmission, although by affecting maternal and offspring survivorship and reproduction it indirectly influences transmission. In placental mammals, the paternal allele in an embryo often has a pattern of expression that results in a relatively high rate of nutrient transfer from mother to embryo, while the maternal allele often has a pattern of expression that results in a lower rate of nutrient transfer [30] -paternal alleles are 'greedier' for maternal resources, as they are less related to the mother and to her other offspring.
Cytonuclear conflict and inclusive fitness of intracellular bacteria
Although the genetics of the nucleus is usually highly symmetrical, there is typically an enormous asymmetry between the two sexes in cytoplasmic inheritance. The egg has a much greater volume of cytoplasm than the sperm and usually includes cytoplasmic elements that have their own genome. As a result, these cytoplasmic genomes are only transmitted through females. Some authors draw a hard distinction between cytonuclear genetic conflict involving organelles, on the one hand, and host-symbiont conflict involving intracellular bacteria, on the other [3] . But in our view, this dichotomy obscures more than it illuminates. Many insects are utterly dependent upon their primary bacterial endosymbionts, some of which have been vertically transmitted within their hosts for hundreds of millions of years, losing a large majority of their genes and becoming effectively organelle-like [31] . Compared with them, the plant mitochondrial genome often has a much larger genome size and much higher rates of gene rearrangement, and indeed, the plant mitochondrial genome often causes cytoplasmic male sterility, analogous to the male-killing engaged in by intracellular bacteria [32] . Instead of a dichotomy, we see a diverse continuum, with animal mitochondria and ancient reducedgenome symbionts at one (well-behaved mutualist) end of the spectrum, and frequently swapped reproduction manipulators like Cardinium and Wolbachia at the other (parasitic) end, with plant mitochondria and an enormous variety of other bacteria in between [31, [33] [34] [35] [36] [37] [38] . The aggregate of all the maternally transmitted genomes in a cell can be viewed as a single 'cytogenome' with near-complete genetic linkage and a unified interest in skewing the sex ratio towards females. Here, we treat the sex ratio conflict between the nucleus and the entire cytogenome as a form of genetic conflict. Bacteria that invade the cytoplasm of multicellular organisms acquire a population structure that mirrors that of the cells they have invaded: differentiation of the host's cells into germline and soma often imposes something very much like a germline/soma distinction upon the resident bacterial lineage. It is a remarkable natural experiment that has been repeated many times: when you impose multicellularity and germline sequestration on a unicellular organism, do its sterile members-its potential 'soma'-evolve somatic functions that enhance the fitness of its germline? In most respects, the predicted optimal phenotype of both bacterial and host genomes is the same-maximal fitness of infected hosts-leading to tight integration of host and bacterial physiology and few insights into bacterium-specific selection. But there is one rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130364 major source of conflict between the nucleus and the cytogenome: males. Male offspring represent half of the nucleus's direct fitness, but cytoplasmic elements in males have no direct fitness. This creates a permanent conflict of interest over male fitness-the nucleus is under selection to maximize the fitness of both males and females, whereas the cytogenome is under selection to maximize the fitness of females only.
Accordingly, elements within the cytogenome have evolved various means of sacrificing male fitness in favour of female fitness. According to almost all accounts, there are four such means: feminization, parthenogenesis-induction, male killing and cytoplasmic incompatibility (CI) [33, [39] [40] [41] . This standard four-part taxonomy obscures a more fundamental dichotomy between selfish versus cooperative phenotypes of cytoplasmic elements (figure 2). For a maternally transmitted bacterium in a male host, there are two different ways it can enhance its fitness: it can gain direct fitness by regaining access to a female germline or it can gain indirect fitness by enhancing the reproductive success of its clone-mates housed in the female germline. Bacterial lineages that take the first route-regain of direct fitness-benefit themselves as individual cells. They remain unicellular organisms in terms of the level at which selection acts on them. But bacteria that take the second route-gain of indirect fitness-become essentially multicellular organisms with a germline and an adaptively functional soma.
For obligately intracellular bacteria that need to be transmitted vertically, there appears to be only one means of regaining direct fitness in the host's male germline: feminization of the host. There is a large literature devoted to 'parthenogenesisinduction' by intracellular bacteria as a phenomenon different from feminization, but this is a misnomer. 'Parthenogenesisinduction' has been reliably demonstrated only in groups that have parthenogenetically produced males, and it consists of the conversion of parthenogenetically produced males into females [42] [43] [44] [45] . Thus, it is simply feminization. Of course, feminization has very different long-term consequences when it occurs in a population in which males are produced parthenogenetically compared to one in which all individuals are produced sexually: in populations with parthenogenetically produced males, feminizers can confer short-term fitness benefits and can be found at 100% frequency; in populations with sexually produced males, feminizers impose bigger fitness costs and cannot reach 100% frequency without causing local population extinction. There is also usually a mechanistic difference. Feminizing bacteria in sexually rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130364 produced male zygotes induce development of a female phenotype, without changing the genotype [46, 47] . In parthenogenetically produced males, on the other hand, the most commonly employed means of feminization is diploidization of the haploid zygote, resulting in an individual that is both genetically and phenotypically female [48] . But exceptions are known, highlighting the falseness of the distinction between feminization and 'parthenogenesis-induction': in the mite genus Brevipalpus, Cardinium bacteria cause parthenogenetically produced males to develop as females, though they remain haploid and thus genetically male [49, 50] .
For bacteria that can be either vertically or horizontally transmitted, bacteria in males may be able to reproduce if they can be transmitted horizontally. Such bacteria rarely affect host sex ratio, but a few are known to induce late male-killing: proliferation of bacteria in males after they reach a large body size, with the dead male then serving as a source of horizontal transmission [51] (figure 2).
Bacteria that can induce feminization or late male-killing gain a direct-fitness benefit. But other adaptations of intracellular bacteria to the male germline have evolved in spite of the fact that they do not enhance the direct fitness of the bacteria, only their indirect fitness. One such adaptation is early male-killing (EMK), which might also be called immediate suicide. At a very early stage in embryogenesis-plausibly, as soon as the bacteria detect a cue indicating that they are in a male rather than a female-bacteria in male embryos kill themselves and their host. Male-killing evolves in bacteria inhabiting hosts with gregarious broods, often with inter-sibling cannibalism, such that the death of one sibling benefits surviving siblings [51] . Under these circumstances, suicidal male-killing bacteria benefit their clone-mates residing in the males' sisters and thus enhances the indirect fitness of the male-killers [51, 52] .
In some lineages of intracellular bacteria, cells inhabiting the host's male germline have taken on a much more elaborate somatic function: cytoplasmic incompatibility (CI) [53] . The precise mechanisms of CI are not well known, but its effects can be intuitively understood by imagining that bacteria in the male germline secrete a poison that is incorporated into sperm, while their clone-mates in the female germline secrete an antidote that is incorporated into eggs [54] . Sperm deliver the poison when fertilizing an egg, and zygotes containing the poison but not the antidote do not survive. Thus, infected males destroy uninfected eggs, while successfully fertilizing infected eggs. An infected male also destroys eggs infected with other strains of bacteria, if they are incompatible with the strain that he carries. Whereas male-killing benefits very close clone-mates (derived from the same host female a single host generation ago), CI benefits a much broader pool of clone-mates across the population. Indeed in the case of the killing of uninfected eggs, the CI phenotype benefits the entire guild of intracellular bacteria. Inter-clone battles emerge when CI sperm destroy eggs infected by incompatible bacterial clones, but within-clone compatibility persists for many generations in laboratory culture, indicating that the service provided by bacteria in CI males benefits quite distant kin.
Intracellular bacteria and the origins of asymmetric genetic systems
We have discussed conflict between the nucleus and the cytogenome, and how elements within the cytogenome have evolved a number of ways to manipulate reproduction. But the question remains: does this reproductive manipulation lead to the origin of novel genetic systems?
(a) Parthenogenesis
The clearest case of genetic conflict leading to the evolution of a novel genetic system is that of feminizing bacteria converting arrhenotoky (figure 1) to thelytokous parthenogenesis (parthenogenetic production of females), which has been documented in several species of wasps and thrips [42] [43] [44] [45] 55] . Origins of obligate thelytokous parthenogenesis are probably the most frequently occurring evolutionary transition between genetic systems in nature. Are cytoplasmic elements often the instigators of these transitions? At this point, there is little evidence that they are. Well-documented cases are limited to parasitic wasps and thrips, and there are many parthenogenetic lineages in which no intracellular bacteria have been detected [56, 57] . There are some cases in groups other than parasitic wasps in which parthenogenetic lineages are Wolbachia or Cardinium infected while related sexual lineages are not [58, 59] . These are sometimes seen as apparent cases of parthenogenesisinduction, but it is also possible that parthenogenesis in these cases is a host-mediated response to a shortage of males resulting from bacterium-induced male-killing or feminization. More broadly, there are several ways in which genetic conflict could lead to origins of parthenogenesis. Genetic conflict elevates the cost of sex [60] , which may contribute to enabling parthenogenetic lineages to outcompete sexual ones [29] . In aquatic invertebrates, parthenogenesis arises more frequently in groups that brood their young [61] . It has been suggested that the viability costs of the origin of a new genetic system are reduced in brooders, because resources that would have been used by aborted embryos can be used by their siblings instead [61] . This same phenomenon-resource competition among siblings-can increase the intensity of genetic conflict, as seen in the emergence of male-killing in intracellular bacteria inhabiting hosts with sibling competition, and hence increase the cost of sex. On the whole, the evidence that genetic conflict is an important cause of the origins of parthenogenetic lineages is weak. The many other costs of sex ensure that there is a broad parameter space in which newly arising parthenogenetic lineages can thrive, at least in the short term [5, 60] . Genetic conflict may have been more important in the origins of the other, more obviously asymmetric genetic systems, in which there is an ongoing, unequal role for males.
(b) Haplodiploidy
The hypothesis that conflict between maternal and paternal alleles has led to haplodiploidy runs into the difficulty of explaining why haplodiploidy has arisen in only certain groups and not others. Hamilton noted that haplodiploidy arises in groups that have gregarious broods [62, 63] and maternally transmitted endosymbionts [64] . Normark [28] pointed out that this combination of features leads to male-killing endosymbionts and speculated that male haploidy may have arisen as a male-killing endosymbiont phenotype that was later coopted by the maternal genome in the host. Engelstädter & Hurst [65] pointed out that CI bacteria often effectively haploidize embryos and that these might have played a role in the origins of viable haploid males. Jack Werren has suggested an alternative route for the origin of arrhenotokous haplodiploidy from an ancestral population beset by male-killers.
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When male-killers are at high frequency, there is strong selection to produce offspring parthenogenetically (as many females go unmated) and to produce male offspring (as these are rare and have extraordinary mating opportunities). Thus, the parthenogenetic production of male offspring would be strongly favoured by selection in a population in which male-killers are at high frequency, and this might have led to the direct origin of arrhenotoky in the uninfected segment of the population (J. H. Werren 2004, personal communication). To date, there is no direct empirical support for a role of endosymbionts in the evolution of haplodiploidy, although the presence of endosymbionts is correlated with haplodiploidy in scale insects [66] .
Interactions among relatives, indirect fitness and origins of novel genetic systems
Although better comparative evidence is still needed, it appears that species with brood chambers in which maternal kin interact are more likely to give rise to novel asymmetric genetic systems. This is apparently true of parthenogenesis [61] , haplodiploidy [28] and parent-specific allele expression [67] . There are at least two possible reasons why this might be so. One is that the death of one embryo in a brood chamber can benefit its siblings. This reduces the cost of viabilitylowering innovations, for example novel genetic systems [61] . It also makes minimum male viability the adaptive optimum for the cytogenome, creating a cytonuclear conflict over male viability that can drive the evolution of novelties relating to sex allocation and sex determination [28] . The second reason why brood chambers may lead to novel genetic systems is asymmetric relatedness. If the mother is the parent that establishes the brood chamber, all the offspring in the brood are maternally related, though they may not all be paternally related. An additional layer of asymmetric relatedness holds if the brood chamber is the mother's body, as all of the offspring are related to her through their maternal genes, though none (under outcrossing) are related to her by their paternal genes. This relatedness asymmetry has apparently led to the evolution of parent-specific allele expression in mammals [67] . In mammals, paternally expressed alleles in the embryo typically have a greedy phenotype, benefitting the embryo but imposing fitness costs on maternal kin. Parentspecific allele expression with greedy paternally imprinted phenotypes may have arisen in other taxa as well, and asymmetric genetic systems that limit the role of the paternal genome may evolved in response to this [29] . Thus, we can identify three effects of indirect fitness that may have played a role in the origins of novel genetic systems. First, novel genetic systems have often arisen in situations in which the direct-fitness costs of early embryo mortality are compensated in part by indirect-fitness benefits. Second, novel genetic systems have often arisen under conditions of asymmetric relatedness, such that indirect-fitness costs and benefits are disproportionately due to effects on maternal rather than paternal kin. This may have led to a divergence in optimal phenotype between maternally versus paternally inherited alleles, which may have led in turn to differentiation in the roles played by maternal and paternal alleles in the genetic system. Finally, novel genetic systems have often arisen in animals whose cytoplasm contains maternally inherited bacteria that are deprived of direct fitness in male hosts. Some of these bacteria may have evolved to enhance their indirect fitness via 'somatic' phenotypes, for example male-killing, and these may have played a role in altering the role of males in the host's genetic system.
Ecology of asymmetric kin and asymmetric genetics: the big picture
Asymmetric genetic systems occur in terrestrial and freshwater environments. They appear to be exceedingly rare in marine environments (table 1) . This pattern has probably been exaggerated by observational bias, as terrestrial and freshwater organisms are often more amenable to study than marine organisms. But enough is known about marine organisms that the pattern is unlikely to be entirely artefactual [68, 69] . The pattern is a striking feature of the distribution of genetic systems on earth, albeit one that has rarely been remarked upon. The marine environment is presumably the one in which sex and symmetrical genetics evolved, and they are apparently all but indispensable in that environment. The repeated invasion of the novel environments of land and freshwater repeatedly gave rise to novel, less-symmetrical genetic systems. Why should this be so? Marine organisms dwell within the medium in which life evolved and to which all life, until relatively recently, was adapted. We propose that the distribution of genetic systems has been shaped by seawater's suitability for four classes of organisms in particular: pathogens, symbionts, gametes and embryos. Air, subjected to constant UV radiation, is a persistently challenging medium for the survival and dispersal of any of them. Freshwater, too, is constantly being distilled by the hydrologic cycle and subjected to greater thermal fluctuations and other abiotic variations than marine habitats, making it, too, a more challenging medium than seawater.
(a) Pathogens: the Red Queen rules the waves
Viruses are an abundant component of seawater [70] . This may help to explain one aspect of the distribution of genetic systems: the near-absence of obligate parthenogenesis from marine environments, in comparison to reasonably high frequency in some terrestrial and freshwater environments (table 1) . This observation may be understandable in terms of the Parasite Red Queen hypothesis for the adaptive significance of sex [71, 72] . When we left the ocean, we may have left most of our pathogens and parasites behind and thus are less reliant on sex than marine organisms are.
(b) Symbionts: the Trojan microbiota
Symbiosis between animals and microorganisms is probably at least as important in marine environments as in terrestrial and freshwater environments, as illustrated dramatically by corals [73, 74] . But in marine environments, microbial symbionts are more often transmitted horizontally and acquired from the environment by each generation of animals [75] . In terrestrial environments in particular, vertical transmission of microbial endosymbionts is much more common, possibly because air is such a poor medium for symbiont transmission, such that a large percentage of terrestrial species carry maternally transmitted endosymbionts [31, 36, 76] . Such symbionts may engage in conflicts with their host's genome over sex determination and male viability, de-stabilizing their hosts' genetic rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130364
systems. A few groups of marine invertebrates buck this trend and have vertically transmitted symbionts: gutless oligochaetes, and solemyid and vesicomyid clams [75] . These are promising systems to test the effects of endosymbionts on host reproduction in a marine environment.
(c) Gametes and embryos: both blood and water are thicker than air
Shedding gametes into the water column is a successful reproductive strategy for many completely sessile marine organisms. No comparable strategy is available to terrestrial organisms, as air is a poor medium for the propagation of gametes. Embryos, likewise, can be shed into seawater but cannot as easily be shed into air. Consequently, multicellular terrestrial organisms are largely dependent upon internal fertilization, and embryos often complete much of their development within a medium supplied by the mother, sometimes within the mother's own body. The mother, and maternal kin, thus form a much more important part of the environment for terrestrial organisms than for marine organisms. This asymmetric relatedness to neighbours produces asymmetric selection on different components of the genome in terrestrial organisms-for instance, favouring male-killing cytoplasmic elements and greedy paternal alleles-which may play a role in the origin of asymmetric genetic systems. It might appear that terrestrial plants follow a marine-like strategy of shedding gametes and embryos into the air, but this is not really the case. Plants do not shed female gametophytes, only male gametophytes, so fertilization is still effectively internal within the seed parent. Many plants shed fruits containing multiple maternally related embryos [77] , and even a lone plant seed is far from being a naked embryo: it usually consists primarily of endosperm, which often carries a double dose of the maternal genome and single dose of the paternal genome, along with a maternally derived integument. Thus plants, like terrestrial animals, have a maternal/paternal asymmetry in relatedness to neighbouring tissues during early development, and, like terrestrial animals, have strong cytonuclear conflicts (e.g. origins of cytoplasmic male sterility) and have frequently originated asymmetric genetic systems including apomixis, gynogenesis (pseudogamy) and parent-specific allele expression.
Conclusion
Symmetrical, eumendelian genetics is the genetics of fully independent individuals. It is a system agnostic about kin, in which information about the parental origin of each allele is destroyed in each generation, with both parents' alleles treated identically. This was the ancestral eukaryotic sexual system that presumably arose in an isogamous unicellular lineage and that still characterizes the great majority of eukaryotes. Novel, asymmetric genetic systems derived from this ancestral system have arisen many times, especially in multicellular organisms inhabiting terrestrial and freshwater environments. The reasons for this are not clear, but one important reason may be the greater role played by maternal kin in environments relatively hostile to gametes and embryos. Extended contact between mother and offspring may facilitate all kinds of evolutionary novelties, by reducing the cost of early abortion of a proportion of embryos [61] . In particular, extended contact between maternal kin means that the inclusive-fitness effects of maternal alleles will differ from those of paternal alleles, and this may have led to the evolution of different roles and fates for maternal versus paternal alleles [29, 78] . The importance of maternal kin is amplified further in environments hostile to unicellular symbionts, with the evolution of maternal channels of inheritance for symbionts, which can then become highly disruptive of their hosts' sex determination systems.
